Abstract
Introduction

42
The recovery and efficient use of phosphorus (P) has become an important challenge in 43 light of natural P resources that are rapidly depleting and the increasingly strict legislative 
55
As such, current digestate processing practices mostly involve a solid-liquid 56 separation step. In P saturated regions, the thickened fraction is then transformed into an 57 organic end product fit for export, and hence valuable nutrients (P, Ca, Mg) and organic 58 carbon (OC) are eliminated from the local agricultural cycle (Vaneeckhaute et al., 2012) .
59
As a consequence, soil organic carbon depletion has become an important issue 60 worldwide (Bhandari et al., 2002; Manna et al., 2005) . This leads to the suggestion to 61 enhance the release of soluble orthophosphates (i.e. inorganic soluble PO 4 -P) in the liquid 62 fraction during solid-liquid separation (after or prior to digestion) in order to obtain: i) a 63 stabilized carbon-rich soil conditioner with increased local marketing potential, and ii) a 64 P-rich liquid fraction with increased potential for P recovery as high-purity struvite,
65
Ca/Mg-P precipitates, or a concentrated P-solution. A local market for the latter products 66 may exist in the horticultural sector, for crops with high P demand, and/or for industrial 67 purposes.
68
Methods that have been used to improve the P release from (digested) manure Although the potential of some of the above techniques to improve the P release 84 in the liquid fraction has already been shown at lab-, pilot-, and even full-scale (e.g. An overview of the experimental set-up can be found in Figure 1 . were applied to the digestate samples to adjust the pH down to 4, 5, and 6 before using 
151
As such, the subsequent recovered products (concentrated P-solution, struvite, or Ca/Mg- Note that these treatments can be applied on liquid waste streams both prior or after 178 anaerobic digestion. In this study, it was aimed to test the treatments on the non-degraded 179 digestate. This is of increasing interest as the thickened fraction after pre-treatment and 180 solid-liquid separation can (partially) be fed back into the anaerobic digester for further 181 improved degradation and organic waste stabilization (Lindner et al., 2015 
Orthophosphate release
249
The amount of orthophosphate released from digestate (mg P L -1 ) as function of the pre-250 treatment is presented in Figure 3 . The ortho-P release without any pre-treatment (no 251 mechanical treatment and no acidification) was 48±7 mg L -1 or about 11 % of the initial 252 total P (Table 1) . Especially for the microwave and conventional heating pre-treatments, All pre-treatments resulted in a significant effect (p < 0.05) on the ortho-P release as 260 compared to the control (no acid addition) and to the untreated digestate, except for orbital showed again a significantly higher effect than all other mechanical pre-treatments under 282 study.
283
For each mechanical pre-treatment, the maximum obtained ortho-P release (mg pre-treatments were very effective at pH 6 (see below).
322
The maximum P release efficiency (%) provoked by the various pre-treatment 323 methods was calculated as the difference between the maximum amount of ortho-P 324 release achieved with the pre-treatment at the respective pH (Fig. 3 ) and the ortho-P 325 release without pre-treatment (48±7 mg L -1 ), relative to the total initial amount of P in the 326 digestate ( Table 1 ). The pre-treatments maximally released 13-28 % soluble ortho P.
327
Alternatively, the absolute (maximum) P release compared to total P (hence not correcting 328 for the untreated control) ranged from 25 to 40 %, which is about 2.3 to 3.6 times higher 329 as compared to not applying a pre-treatment at all (± 11 %). Note that the latter value 330 corresponds well to values obtained at full-scale during solid-liquid separation, e.g. ± 9
331
% of the total P ended up in the liquid fraction in Vaneeckhaute et al., (2012) .
332
Looking at the maximum obtained P release efficiencies, among the mechanical 333 pre-treatments, the microwave treatment was generally most effective in releasing ortho- (co-)digestion prior to the microwave treatment.
344
The improved P release may be attributed to the ability of microwave digestion to is targeted, microwave heating may be preferred above conventional heating in order to 354 simultaneously maximize the P release efficiency, at least when working at low pH.
355
The differences between the three acids can be attributed to the strength and into the liquid fraction under all pre-treatments (Fig. 3) . Even at high pH (6), high ortho-
358
P release efficiencies were obtained under all mechanical treatments. Moreover, less acid 359 was required to reach a certain P release and pH as compared to the other chemicals under 360 study (Fig. 2-3 released, which could be recovered prior to struvite precipitation, meanwhile improving 420 the struvite purity and effluent quality (Müller et al., 2005) . The Ca/Mg-dose needed for 421 P precipitation may also be reduced, due to the potential improved Mg release. Yet, the 422 pH will have to be increased after the pre-treatment to allow for precipitation to occur.
423
Finally, acids of reduced quality could be used, which may significantly reduce the acid 424 costs, but again impact on the fertilizer and effluent quality. These aspects were out of 425 scope of the present study, but should be taken in account when selecting the technically
426
and economically most feasible pre-treatment for each particular case. 
